Endocannabinoids and related N-acylethanolamines (NAEs) are lipid mediators involved in a number of physiological and pathological mechanisms in peripheral tissues. Microdialysis (MD) technique allows continues sampling of endogenous substances in the interstitial fluids of the tissues. The main limitation of MD sampling of lipophilic compounds is low recovery due to adsorption to the MD system and particularly to the catheter membranes. In this in vivo study microdialysate samples were collected from human trapezius muscle and forearm skin. The levels of arachidonoylethanolamide (AEA), 2-arachidonoylglycerol (2-AG), oleoylethanolamide (OEA), palmitoylethanolamide (PEA), and stearoylethanolamide (SEA) were analyzed in both microdialysate and in catheter membrane samples using liquid chromatography tandem mass spectrometry.
Introduction
Endocannabinoids (ECs) and related N-acylethanolamines (NAEs) are lipid mediators involved in a number of physiological processes. Arachidonoyl ethanolamide (AEA) and 2-arachidonoyl glycerol (2-AG) are the two most well-studied endogenous cannabis receptor (CB 1 , CB 2 ) agonists. They are involved in appetite regulation, inflammation, neuroprotection and pain modulation [1] [2] [3] . AEA is also a member of the NAE family and exerts its effects on the transient receptor potential vanilloid (TRPV1) receptors [4] .
Other NAEs, such as oleoyl ethanolamide (OEA), palmitoyl ethanolamide (PEA), and stearoyl ethanolamide (SEA) lack significant affinity for CB receptors but possess relevant affinity for other receptors. PEA modulates pain and inflammation via peroxisome proliferatoractivated receptor type-α (PPAR-α) activation [5, 6] , and has been suggested to be "a modulator of immune-neural homeostasis" [7] . OEA has anorexic properties [7] and is involved in the regulation of feeding and body weight through activation of PPAR-α [8] . OEA is also associated with both analgesic properties which has been suggested to occur independently of PPAR-α activation [9] , and induction of visceral pain via TRPV 1 activation [10] . SEA has a cannabimimetic activity partly similar to AEA [11] . The in energy homeostasis role of the endocannabinoid system in adipose tissue, liver and skeletal muscle has been reviewed [12] . It has also been suggested that 2-AG controls cellular differentiation in skeletal muscle [13] . Furthermore, ECs and endogenous PPAR-α activating NAEs are proposed to be key players as regulators of nociceptive information transmitting from peripheral sites of injury and inflammation to CNS [14, 15] .
The microdialysis (MD) technique is a well-established method for sampling of unbound endogenous compounds in peripheral tissues [16] . Sampling of microdialysate involves perfusion of a MD membrane with an aqueous solution (perfusate). The catheter contains a semipermeable membrane and mimics a capillary blood vessel [17] allowing substances to pass by diffusion across the membrane. The absence of a target molecule in the dialysate can be due to actual absence of the agent in the tissue but can also be explained by methodological issues such as inadequate analytical sensitivity or binding of the target molecule to the membrane. Many experimental conditions, including probe membrane composition and surface area, perfusate flow rate, temperature, nature of the dialyzed tissue and physicochemical properties of the target molecules need to be considered in the experimental design [18] .
MD sampling of ECs and NAEs have mainly been performed in the brain tissue of rodents [19] [20] [21] [22] , although AEA, OEA and PEA have been measured in MD samples from human brain immediately after an ischemic stroke [23] . There are a limited number of MD studies investigating the peripheral levels of ECs in humans. Zoerner et al. have analyzed levels in abdominal adipose tissues in healthy males [24] . We have previously investigated levels of PEA and SEA from the interstitial fluid of trapezius muscle in women with chronic pain conditions compared to healthy controls [25, 26] .
Even though MD is a promising technique for peripheral sampling of ECs and NAEs, the lipophilic properties of these compounds makes measurement challenging. Low recovery due to interfering adsorption effects to the tubes and catheter membranes of the MD system has been pointed out to be a major obstacle.
We have previously investigated the relative recovery of radiolabeled AEA, PEA and 2-AG in an in vitro study (PEA data published) [26] (AEA and 2-AG unpublished data). In that study liquid scintillation was used for measurements of the lipids. The relative recovery for the different compounds was 25-35%. The adsorption of the lipids to the catheter membrane and the tube was also investigated by liquid scintillation. The adsorption was mainly to the catheter membrane (tube membrane ratio 1:80).
The aims of the present in vivo study were to investigate the trapezius muscle and the forearm skin as potential tissues suitable for MD sampling of targeted endogenous lipid mediators. The focus of the study was to identify NAEs and ECs and examine to what extent those adsorb to the catheter membrane at certain time points. The integrative approach of analyzing both the microdialysate samples and the catheter membranes for the targeted compounds provide information on the feasibility to find these compounds in the tissues in general and an estimation of the degree of adsorption to the catheter membranes in vivo.
Materials and Methods

Microdialysis system
The commercially available MD catheter CMA 63 with polyarylethersulfone (PAES) membrane and 20 kDa cut-off, and the specially designed microvials for sample collection from M Dialysis (Stockholm, Sweden) were used. The perfusion fluid consisted of Ringer-acetate solution from Baxter Medical (Kista, Sweden) containing 3mM glucose, 0.5mM lactate. The CMA 107 MD pump was used at a flow rate of 5 µL/min [25, 26] .
Microdialysis in trapezius muscle
Sampling of dialysate from trapezius muscle was accomplished on a 39 year old healthy male as previously described [26] . The subject was instructed not to drink any beverages with caffeine, not to smoke on the day of MD and to avoid NSAID medication the week before the experiment. Ultrasonographic measurements were conducted on trapezius muscle and used as a tool for guiding the placement of the catheters in the muscle. The catheters were inserted parallel to the muscle fibers into the pars descendens of the trapezius muscle at half the distance between the processus spinosus of the seventh cervical spine and the lateral end of the acromion. The skin and the subcutaneous tissue, where the catheter entered the trapezius muscle was anaesthetized with a local injection of 0.5 ml Xylocaine (20 mg/ml) without adrenalin. Care was taken not to anaesthetize the underlying muscle. Four catheter membranes denoted A, B, C and D were inserted, two in the right side trapezius muscle and two in the left side. Dialysate were collected in 20 minutes intervals. In order to study the adsorption of the compounds over time the catheters were removed at different time points. Catheter A was withdrawn after 20 min, and thus only one sample of muscle dialysate was collected. B was removed from the muscle after 100 min, and consequently five dialysate samples were collected. C was withdrawn after 140 min, resulting in seven dialysate samples. Catheter membrane D was removed after 220 min resulting in eleven fractions. The vials used for sampling of the dialysate were weighed before and after collection in order to confirm that sampling proceeding had occurred according to the set perfusion rate. All samples were kept on ice during the experiment and after the experiment the dialysate was stored in aliquots in Eppendorf tubes (Costar, micro centrifuge tube, 0.65 ml, Sigma-Aldrich) at -70°C until analysis.
Microdialysis in forearm skin
MD sampling from skin was performed on a 33 year old healthy female volunteer following the same instructions as described above for trapezius muscle MD. Three catheters (denoted A, B, and C) were inserted into dermis in the left dorsal forearm. The insertion of the catheters followed the technique previously described in Ref. [27] . The point of insertion of each catheter was anaesthetized with 0.2 ml Xylocaine (10 mg/ml). A splitable introducer (SI-2) was inserted to dermis and used to guide the catheter insertion. Samples were collected every 20 minutes. Catheter A was withdrawn after 20 min. Catheter B was withdrawn after 100 min giving five dialysate fractions and catheter C was removed after 140 min resulting in seven fractions. Each vial was weighed before and after collection in order to confirm that sampling was achieved according to the set perfusion rate. All samples were kept on ice during the experiment and after the experiment the dialysate was stored in aliquots at -70°C until analysis.
Ethical approval
All procedures for sampling of microdialysate from trapezius muscle and forearm skin were approved by Linköping University Ethics Committee Dnr: M233-09 and 2010/164-32 and Dnr: 03250 respectively. The participants gave their informed written consent before the experiments.
EC and NAEs analysis
High pressure liquid chromatography coupled to tandem mass spectrometry (HPLC-MS/MS) was used. A selected reaction monitoring (SRM) method was applied for simultaneously identification and quantification of AEA, OEA, PEA, SEA and 2-AG. Similar SRM transitions as described by other authors [28, 29] were monitored.
Chemicals
AEA, OEA, PEA, SEA, (purities of ≥ 98%) 1-AG (purity ≥ 95%, with a mix of 1-AG: 2-AG, 9:1) and 2-AG (purity ≥ 95% with a mix of 9:1 2-AG: 1-AG) were purchased from Cayman Chemicals (Ann Arbor, MI, USA). Methanol and Acetonitrile (HPLC-grade) were from Sigma-Aldrich (Steinheim, Germany). Formic acid (reagent-grade) was obtained from Scharlau Chemie (Barcelona, Spain) and Ammonium acetate from Merck (Damstadt, Germany). Milli-Q water (Milli-Q plus unit, Millipore, Molsheim, France) was used in all analyses.
Preparation of standards
AEA, OEA, PEA and SEA stock solutions were prepared in ethanol. 2-AG was prepared in acetonitrile which compared to ethanol is known to reduce the isomerization of 2-AG to 1-AG [30] . All stock solutions were stored at -70°C. A mixture of standard solution containing 5 µM 2-AG and 1 µM AEA, OEA, PEA and SEA was prepared, aliquoted and stored in -70°C. Further dilutions were carried out in liquid chromatography mobile phase and were used on the same day as prepared. 
MD sample preparations
On the day of analysis, 50 µl of microdialysate and perfusate were dried by SpeedVacc vacuum concentration system (Savant, Farmingdale, NY, USA) and dissolved in 100 µl methanol, vortexed and centrifuged [25] . The supernatants were transferred to new tubes (0.65 ml) and dried. The residues were dissolved in 20 µl LC mobile phase, vortexed and transferred to glass insert vials for LC-MS/MS.
Catheter membrane samples were prepared as follows; after withdrawal of the catheter from the tissue the membranes were separated from the tubing, cut into two equal halves and placed in Eppendorf tubes (Micro tube, 1.5 ml, Sarstedt), which were kept on ice during the experiment and stored in-70°C until analysis. On the day of analysis, methanol (1 ml) was added to the catheter membrane and vortexed for 15 sec, the catheter membrane was removed from the tube. The extraction solution was dried by SpeedVacc and the residue was dissolved in 100 µl methanol, vortexed and centrifuged. The supernatant was transferred to a new tube and dried. The residue was dissolved in 20 µl LC mobile phase, vortexed and transferred to glass insert vial for LC-MS/MS. The sample preparation procedure was also performed on an unused catheter membrane in order to detect any background signal.
High pressure liquid chromatography-tandem mass spectrometry
An HPLC-MS/MS system containing a Thermo Scientific Accela AS auto sampler and Accela 1250 pump coupled to a Thermo Scientific TSQ Quantum Access max triple quadrupole mass spectrometer with an HESI II probe as ionization source was used. Liquid chromatography was performed using isocratic elution on a Xbridge C8 guard column (column dimensions 2.1 mm × 10 mm) coupled to a Xbridge C8 analytical column (column dimensions 2.1 mm × 150 mm) both with the particle size 2. The linearity of the measuring ranges were assessed with standard curves ranging from 0.1-20 nM for OEA and SEA, 0.5-20 nM for AEA and PEA, and 25-1000 nM for 2-AG in human muscle dialysate, with R 2 : 0.96-0.99 (SD ≤ 0.02) for the different compounds. The limit of detection (LOD) of the compounds (defined as the concentration at which a signal-to-noise ratio of greater than 3:1 was achieved following direct analyses from stock solutions) was ~ 0.1 fmol for OEA, PEA and SEA, ~ 0.5 fmol for AEA and ~ 50 fmol for 2-AG. Limit of quantification (defined as the concentration at which a signal-to-noise ratio of 10:1 or greater was achieved) was ~ 1 fmol for OEA and SEA, ~ 5 fmol for PEA, 10 fmol for AEA and ~ 250 fmol for 2-AG.
Quantification was performed using external standards curves, linear regression and equal weighting. Xcalibur ® (version 2.1, Thermo Scientific) software was used for peak integration and quantification.
Software for statistics and graphics
The IBM SPSS version 22.0 (IBM Corporation, Route 100 Somers, New York, USA) was used for statistics. GraphPad Prism computer programme (GraphPad Software Inc, San Diego, CA, USA) and Matlab and Simulink version R2013b (The Math Work, Inc) were used for graphical illustrations.
Results
Technical aspects
The trapezius muscle MD set-up resulted in 23 samples with sufficient volume for the analysis. (The 60 min time point from catheter B couldn't be collected, probably due to some failure with the MD pump.) Sample volumes from time point 20 from A, B and C catheters and time point 80 from B catheters deviated more than 20% from the actual set flow. In the skin MD set up, sampling from the catheter B failed at three time points (20, 80 and 100 min). 10 samples had sufficient volume for analysis. Of these samples, deviation more than 20% from the set volume occurred at three time points (A, 20 min and B, 40 and 60 min).
Concentrations of ECs and NAEs from trapezius muscle
OEA, PEA and SEA could be measured in all MD samples (n=23) and from all the catheter membranes (n=4). In microdialysate samples the min to max concentrations (nM) were; OEA (0.5-11.3), PEA (0.5-5.1) and for SEA (0.1-1.8), and corresponding concentrations from the membranes were; OEA (8.0-16.9), PEA (14.3-19.9), SEA (5.0-6.9).
Levels of AEA could be measured in two microdialysate samples (1.2, 1.5) and detected in three of the four membranes. 2-AG could be measured in all four catheter membranes (241.9-1533.4) and detected in three out of 23 microdialysate samples, (one 2-AG value are extrapolated since it was above the highest standard point). In order to make an adequate comparison of the NAE levels in dialysate with the levels extracted from the catheter membranes, the number of moles was calculated. Individual microdialysate and catheter membrane levels of OEA, PEA and SEA expressed in femto moles (fmol) are presented in Table 1 and are illustrated in Figure 1 .
Concentrations of ECs and NAEs from forearm skin
OEA, PEA and SEA levels were measured in all microdialysate samples (n=10) and from the catheter membranes (n=3). In Table 1 and Figure 1 .
Discussion
Major findings of the present study were:
• OEA, PEA and SEA could be measured in all dialysate and membrane samples collected from the human trapezius muscle and from the forearm skin tissue.
• The presence of 2-AG in peripheral tissue in human was demonstrated by detection in the membrane samples.
• The main interfering adsorption effects of NAEs to the catheter membranes appear to occur during the first 20 min of sampling.
These findings taken together suggest that sampling of the lipid mediators PEA and OEA together with SEA are achievable from both trapezius muscle and forearm skin tissue with the presented MD setup. The experimental procedure of analyzing both the dialysate and the catheter membrane over time provides information about the relative adsorption of these ligands to membranes in vivo. Rather than having a static accumulation rate during the time period it seems that the membranes are 'charged' in a more dynamic fashion primary during the first 20 min after catheter insertion (Figure 1 ). In addition the descending CM/Dtot ratios shown in Table 1 are indicating that the relative adsorption decreases towards zero over time. One obvious trend for all compounds seen in Figure 1 is that the average levels decreases over time. This could be explained by a tissue depletion of the targeted analytes over time. Moreover, a "saturation" of the membranes of the targeted analytes and other substances e.g., proteins might also influence the ability of the compounds to cross the membrane over time.
Even if AEA was quantified in two dialysate samples and detected in three membrane samples from trapezius, it was not present in the same order as the other NAEs or 2-AG (2-AG from membrane). These results indicate a relatively low abundance of AEA in the tissues compared to 2-AG and other NAEs. This is in line with previously described levels of AEA compared to 2-AG measured from various biological systems [28, [31] [32] [33] ].
2-AG was identified in the catheter membranes used in both the muscle and skin MD sampling. This indicates that 2-AG is present in the tissues but fails to cross over the catheter membrane, which in turn indicates membrane unsuitability. Even though there is evidence supporting the multiple bioactive role of 2-AG in peripheral tissues [12, 14] , its actual concentration in skeletal muscle and skin tissue is not known. The presented study identifies 2-AG (and 1-AG) in the tissues and gives a rough estimate of its relative abundance compared to NAEs in trapezius muscle and in the forearm skin. In Figure 2 the total amount of OEA, SEA, PEA and 2-AG (fmol) from each catheter (A, B, C, (D)) from both tissues are shown. 20 min represent the total amount from catheter A. 100 min from B and 140 from catheter C and 220 min from D (D only trapezius).
2-AG exists as a mixture of 1-AG and 2-AG isomers and are chromatographically resolved (Figure 3 ). In this study as in previously reports [28, 29, 34] we report the total amount of the two isomers as 2-AG. 2-AG undergoes spontaneous isomerization to 1-AG [35] , and in addition, methanol as extraction solvent for sample preparation have been reported to further accelerate the isomerization [33] , which could be an experimental cause of the distribution between 2-AG and 1-AG ( Figure 3 ).
Inclusion of hydroxypropyl-β-cyclodextrine (HPCD) in the perfusate was reported to increase the recovery of AEA in vitro [20] , and HPCD have been a common perfusion fluid additive in rat brain MD studies of ECs and NAEs [19, 29] . Although HPCD was shown to improve the recovery of AEA and 2-AG in vitro in a proof-of-concept study, in the subsequent in vivo sampling from adipose tissue in the same study, only AEA was measured in dialysate samples [24] . 2-AG levels have been reported to be ~150 fold higher than AEA in adipose tissue [33] , this together indicates that HPCD additives have limited ability to facilitate MD sampling and improve recovery for 2-AG when sampled from adipose tissue.
Investigation of data conserved in the catheter membrane during an MD experiment could be an applicable extension of MD sampling methodology even for other compounds e.g., proteins. Previously, 'end point biopsy' and MD have been combined in an attempt to relate levels of cytokines in microdialysate to actual presence of cytokines in the tissue [27] . Whilst "end point biopsy" is achievable, membranes are available in all MD experimental settings and can thus more conveniently fill an "information gap" than the more cumbersome performance of tissue biopsy.
Besides the problems of adsorption of these lipids to plastic surfaces, the problem of contamination of some of them from solvents, glass bottles and plastic tubes also have been raised. Contamination of PEA and SEA from chloroform have been reported [36] , and polypropylene has been shown to release additional amounts of PEA, and OEA where dichloromethane and chloroform were used during evaporation [31] . We observed low background levels of SEA, PEA and OEA in the LC mobile phase that we used and also in some processed perfusate blank samples. Baseline blank levels (mobile phase and processed perfusate blanks) were not corrected for in the two measurement series in the present paper, due to that only relatively low levels were found. In the trapezius measurements, baseline blank peaks over LOD were found only for SEA, and the highest blank level represented ˂4% of the mean sample level. In the skin measurements a high blank found was for PEA representing ˂3% of the sample mean. Neither 2-AG nor AEA were detected in the mobile phase, processed perfusate solution and unused catheter membrane samples. Thus, without speculation about the origin of these contaminants (PEA, SEA, OEA), we confirm their presence which needs to be considered when similar sample preparation and LC-MS/MS set-ups are conducted as in this study.
Conclusion
Sampling of the lipid mediators OEA, PEA and SEA from the trapezius muscle and from skin tissue was successfully achieved with the presented MD set-up. Adsorption of NAEs to catheter membranes did occur and was most pronounced during the first 20 min after catheter insertion. To the best of our knowledge this is the first study to report the presence of the endocannabinoid 2-AG in human trapezius muscle and forearm skin.
Further, we conclude that consideration of data conserved in the membrane during an MD experiment could be a more broadly applicable extension of MD sampling methodology which could enhance an adequate interpretation of microdialysate data outcomes and be relevant in situations such as choice of membranes. 
